Abstract Premature luteinization (PL) refers to a rise in serum progesterone (P) levels on the day of hCG administration. Most studies used an absolute P level on the day of hCG administration as an indicator of PL, and the cutoff level differed from 0.8 to 2 ng/mL. Some authors defined PL as a P/E2 ratio of >1. There is a marked variation in the incidence (13% to 71%), of PL due to discrepancies in definition, population characteristics and/or treatment protocols. The pathogenesis of PL in COH is still poorly understood. Several hypotheses may be considered to explain this phenomenon: elevation of follicular LH levels, serum accumulation of HCG from HMG, increased LH receptor sensitivity of the granulosa cells to FSH, or poor ovarian response with increased LH sensitivity. The consequences of this premature elevation of serum P on IVF outcome remain controversial. Attempts to prevent COH include: use of Low-dose hCG alone in the late COH stages, flexible antagonist protocol, use of mifepristone, aspiration of a single leading follicle, hCG administration when the levels of serum P exceeded 1.0 ng/mL.
Introduction
The introduction of gonadotrophin-releasing hormone (GnRH) analogues for pituitary suppression in in vitro fertilization (IVF) significantly decreased the incidence of premature luteinizing hormone (LH) surge [1] . Despite pituitary downregulation, however, several researchers have described a phenomenon reported as PL [2] [3] [4] [5] . This refers to a rise in serum progesterone levels on the day of human chorionic gonadotrophin (hCG) administration [6] . This phenomenon has aroused interest because some authors [7] [8] [9] have reported decreased implantation and pregnancy rates with this phenomenon. Its pathogenesis is still poorly understood. Its impact on pregnancy outcome is still controversial. One of the major reasons for the controversy has been the diverse definitions of PL in previous literature.
Definition
Many researchers in the past have adopted the term 'PL' for patients with progesterone elevation on the day of hCG administration for final oocyte maturation [3] [4] [5] 10] . This suggests that the excessive amount of progesterone is produced by granulosa cells that have started the process of luteinization. Recently, Venetis et al. [6] affirmed that, at least for the studies using GnRH agonists to inhibit LH surge, the use of the term 'PL' in the presence of normal LH levels might not be appropriate.
The definition of PL differed and was believed to be responsible for the variable pregnancy rates in previously published literature. Most studies used an absolute P level on the day of hCG administration as an indicator of PL, and the cutoff level differed from 0.8 to 2 ng/mL [2, 4, 7, [11] [12] [13] . (Table 1) Recently, it has been asserted that ovarian response [14] or reserve may be of critical importance when considering PL. More follicles produce more serum P. It would, therefore, be better to take into account the ovarian response, rather than the serum P level only, when considering the reasons for PL. Therefore, Younis et al. [15] defined PL as a P/E2 ratio of >1. This criterion could differentiate between the P level secretion from dysmature follicles and physiologic secretion from multiple healthy mature follicles.
Vaginal ultrasound scanning seems to be helpful in the evaluation of minor changes in the follicular structure, correlating frequently with hormonal findings [16] . Ultrasonic features of PL of follicles are thickening of the follicular wall and the appearance of irregular echogenic structures in the follicle.
Incidence
There is a marked variation in the incidence of PL due to discrepancies in definition, population characteristics and/or treatment protocols among the studies (Table 1) . It should be noted that the proportion of patients with progesterone elevation varied widely even among studies [7, 17] in which the same serum progesterone threshold (0.9 ng/mL) and the same type of GnRH analogue (agonist) were used (12.4% versus 52.3%, respectively). Previous literature reported incidence varying from 13% to 71%, using P only to define PL [2, 4, 7, 8, [11] [12] [13] . The incidence of PL using the definition of P/E2 ratio >1 was 41% in the report of Younis et al. [15] .
Subtle serum progesterone rise during the late follicular phase, when gonadotrophin releasing hormone agonists (GnRHa) are combined with menotrophins for ovarian stimulation, has been reported to occur in 5-35% of IVF cycles [4, 7-9, 11, 13, 18] . The incidence of PL was 20% (P>or =1.1 ng/mL) [4] and 38.3% (P>or =1.2 ng/mL) [5] during GnRH antagonist IVF-ET cycles. The incidence of a subtle progesterone rise (P<1.2 ng/ml or P >/= 1.2 ng/ml) was 54.7% in women undergoing COH with CC, hMG and a single 2.5 mg dose of the GnRH antagonist, cetrorelix [19] . With a flare-up protocol of GnRHa combined with high dose FSH, 85% of the cycles exhibited a rise of serum progesterone to a peak concentration of >1.0 ng/ml [20] .
Pathogenesis
The pathogenesis of PL in COH is still poorly understood. Several hypotheses may be considered to explain this phenomenon.
I. Elevation of follicular LH levels: Some investigators believed that PL is associated with elevation of follicular LH levels [15] . In some patients the pituitary desensitization induced by GnRHa is incomplete [2] . For this reason, increased LH secretion during the late follicular phase could be sufficient to stimulate granulosa cells to produce progesterone, but inadequate to trigger ovulation [18] . Since the introduction of long GnRHa protocol, pituitary desensitization has usually been profound and endogenous LH levels have usually been low. Although the long GnRHa protocol can prevent premature LH elevation in 95-98% of patients [21, 22] , we cannot invariably blame increased preovulatory LH levels as the sole pathogenic factor in premature luteinization. II. Serum accumulation of HCG from HMG: Other investigators have suggested that the serum accumulation of hCG from hMG is responsible for PL [23] . Therefore, the use of rFSH instead of hMG has been regarded as an excellent model for elucidating this phenomenon. In comparing women with and without PL during GnRHa and hMG IVF cycles, Copperman et al. [23] found higher hCG serum levels in women who experienced a serum P rise, suggesting that PL, despite pituitary suppression with GnRHa, may be due to the hCG content of hMG [24] . According to this hypothesis, the use of human rFSH or human urinary FSH in which LH activity is negligible [25] or practically absent [26] should not provoke PL. If this was the unique etiology of PL, the use of rFSH with negligible intrinsic LH bioactivity should then help avoid Flare up P>1.0 ng/ml 85% premature P rise [27] . However, using urinary FSH practically devoid of LH activity (FSH 75 IU and LH <0.7 IU) [26] , or recombinant FSH, with a negligible intrinsic LH bioactivity less than one-tenth that of urinary FSH [25] in combination with GnRHa for ovarian stimulation, subtle serum progesterone rise at a similar ratio (23/171 cycles, 13.4%) was observed as reported in previous studies with the use of HMG [4] . These results suggest that the HCG content of HMG is not the only cause of subtle serum progesterone rise. III. Increased LH receptor sensitivity of the granulose cells to FSH. Ubaldi et al. [4] analyzed the IVF and clinical outcomes of women who underwent COH by using GnRHa in combination with rFSH or urinary FSH. They found that greater FSH exposure correlated with P exposure and suggested that the cause of the subtle rise in P may be related to an increased LH sensitivity of the granulosa cells of FSH-treated cycles. However, they defined PL by serum P level only. The highest sensitivity of the granulose cells to FSH is due to the increased oestradiol levels as well as due to the increased number of follicles with 17 mm or more [5, 27, 28] . These data suggest that the increased LH receptor sensitivity in the granulosa cells is due to higher cumulative exposure to oestradiol which, in conjunction with FSH, could be one of the mechanisms to account for the premature increases in serum progesterone concentration. Furthermore, Adonakis et al. [29] suggested that an increase in P in the late follicular phase is unrelated to any luteinizing process attributable to effects of follicular cells to LH. IV. Poor ovarian response with increased LH sensitivity.
Premature luteinization as defined by the P/E2 ratio was more prevalent in poor ovarian responders. It was related to poor ovarian response with increased LH sensitivity, similar to the report by Younis et al. [30] . Based on LH measurements and the use of rFSH, Younis et al. concluded that neither the LH nor the hCG content of the recombinant preparations is responsible for this elevation of P/E2 ratio level. Younis et al. [30] suggested that Pl is not necessarily an LH dependent event and may be primarily related to an adversely affected cumulus-oocyte complex. V. Recently emerging evidence points to the existence of an oocyte granulosa cell regulatory loop by which complementary signaling and metabolic pathways drive the development and function of both the oocytes and follicular somatic compartments. Growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) are two well-characterized oocyte-derived growth factors that play crucial roles in follicle growth and ovulation in all mammalian species including humans [31, 32] . Genetic targeting or spontaneous mutations of either Gdf9 or Bmp15 in mammals affect fertility in females [33] . Disrupting signaling in the ovarian granulosa cells leads to premature luteinization of granulosa cells [34] .
Impact
The consequences of this premature elevation of serum progesterone, defined as PL, on IVF outcome remain controversial [35, 36] . Several authors did not find any negative effect of this on IVF outcome [11-13, 17, 18, 37-51] , Hoffman et al. [2, 10] observed no significant difference in pregnancy rate in patients undergoing IVF/embryo transfer with high or low progesterone concentrations on the day of HCG administration and in patients who received oocytes donated from women with high or low progesterone concentrations.
Other authors reported that pregnancy rate has been inversely related to serum progesterone levels on the day of HCG administration [5, 8, 11-13, 16, 41, 52-56] . Although a significant inverse relationship between serum progesterone on the day of HCG and the success of IVF is established in many programmes, the involved endocrinologic mechanism is unclear.
It has been described that it may affect it as an ovarian event, with adverse effects on oocyte maturation, fertilization or early cleavage [5, 8, 9, 31, 36, 41, 52, 57] . The mean number of retrieved oocytes, recovered mature oocytes, embryos and top quality embryos were significantly higher in the non-prematurely luteinized group than in the prematurely luteinized group. Although fertilization rates and implantation rates were similar between the two groups, the clinical pregnancy rate was higher in the nonprematurely luteinized group than in the prematurely luteinized group [14] .
On the other hand, poorer embryo quality was not found in a number of studies [2, 3, 7, 12, 43, 58, 59] . These findings suggest that PL may influence the endometrium, adversely affecting implantation and subsequent embryo development due to PL. This hypotheses was sustained by others groups [41, 58, [60] [61] [62] [63] . Forman et al. [61] , Sharma et al. [58] and Silverberg et al. [7] suggested that the mechanism of deleterious effect of elevated progesterone was abnormally accelerated endometrial maturation leading to impaired endometrial receptivity. Melo et al. analysed retrospectively 240 oocyte-donation cycles in which 120 women donated twice, with PL in the first donation cycle and no PL in the following one, acting as its own control [64] . Recipients (n=240) were divided in two groups according to the presence of PL (n=120) or not (n=120). There was no difference in PR between the groups (55.7 Vs 54.4%, respectively). The number of total oocytes (18.2 Vs 20.8) and the number of mature oocytes retrieved (16.9 Vs 19.4) were different among donors with progesterone <1.2 ng/ml and PL, respectively. There were no differences between the oocyte recipients in fertilization, cleavage, embryo division on day 3, blastocyst development or fragmentation rates. The number of embryos transferred, number of embryos cryopreserved, and implantation and miscarriage rates were similar between the groups. Melo et al. concluded that, PL does not appear to have a negative impact on ongoing PR in oocyte donation programme.
However, several clinical trials have been performed in which progesterone supplementation for luteal phase support was started on the day of HCG administration, without any negative impact on PR due to a deleterious effect on the endometrium, suggesting that there is no negative impact of the PL on IVF outcome [37] [38] [39] [40] .
Recent Systematic review and meta-analysis was conducted to evaluate whether progesterone elevation on the day of hCG administration is associated with the probability of pregnancy [6] . Eligible studies were considered those in which patients did not participate more than once. A literature search identified 12 eligible studies, 10 of which were retrospective. The majority (n=10) of these studies did not detect a statistically significant association between progesterone elevation and the probability of pregnancy. Meta-analysis was performed only for the studies (n=5) that provided data on clinical pregnancy per patient reaching hCG administration for final oocyte maturation. Clinical pregnancy rate was lower, but not significantly so, in the group with progesterone elevation. No statistically significant association between progesterone elevation and the probability of clinical pregnancy was detected (Odds ratio: 0.75, 95% confidence interval 0.53-1.06; P 5 0.10). In addition, subgroup analyses were conducted on the basis of type of GnRH analogue used and on the value of serum threshold used to classify patients in those with or without progesterone elevation. These analyses, however, did not materially change the results obtained.
The E2 levels (pg/mL) on the day of hCG administration were significantly higher in the group of patients that exhibited progesterone elevation on the day of hCG compared with those who did not cumulus-oocyte complexes (COCs) retrieved. No statistically significant difference in the number of COCs retrieved was detected between the patients with and those without progesterone elevation on the day of hCG administration. This systematic review reveals the lack of well-designed prospective studies that could answer the research question asked. The best available evidence does not support an association between progesterone elevation on the day of hCG administration and the probability of clinical pregnancy in women undergoing ovarian stimulation with GnRH analogues and gonadotrophins for IVF. The validity of this conclusion has been further debated, due to the fact that most of the studies that failed to show a deleterious effect when PL is present, used a low cut-off level for defining premature luteinization (0.9 ng/ml) [65] .
Prevention
It should be noted that if a negative association between progesterone elevation on the day of hCG administration and the probability of pregnancy exists, it might be worth examining the possibility of cryopreserving the resulting embryos and their transfer in a subsequent frozen-thawed cycle [3, 7, 41] or alternatively, administering hCG at an earlier time in the follicular phase, prior to progesterone elevation [9] . On the contrary, absence of an association indicates that assessment of serum progesterone on the day of hCG administration might be redundant [6] . A literature search identified several regimens for prevention of PL.:
1. Low-dose hCG alone in the late COH stages: Patients received ovarian priming with recombinant FSH/hMG followed by low-dose hCG (200 IU/day) alone [66] . This regimen did not cause PL and was associated with reduced recombinant FSH/hMG consumption, reduced number of small preovulatory follicles, more estrogenic intrafollicular environment and higher fertilization rate. 2. Flexible antagonist protocol [67] . In IVF-ICSI patients undergoing COS with the antagonist protocol, the antagonist administration was initiated according to at least one of the following patient-specific criteria: (i) at least one follicle measuring >14 mm; (ii) estradiol levels >600 pg/ml; and (iii) LH levels >10 IU/l. Rapid response, causing earlier antagonist administration initiation, according to the proposed criteria for the prevention of premature LH surges, and the absence of PL, as evidenced by normal progesterone levels on HCG day, were found to be independent positive predictive factors for favourable IVF outcome. The employment of an algorithm of criteria, aimed at the prevention of premature LH surges in a flexible antagonist protocol, resulted in antagonist initiation earlier than on stimulation day 6 in a significant proportion of patients. In those patients, a higher pregnancy rate was observed. 3. Mifepristone [68] . The effectiveness of a daily dose of 40 mg mifepristone in preventing premature LH surges in women undergoing COH for IVF was investigated. In all patients receiving mifepristone, 50 mg progesterone were administered IM at the time of hCG administration to counteract residual antiprogestogenic activity of mifepristone. No LH surges were observed in any subject treated with mifepristone. Serum P levels on the day of hCG/P were below the cut-off level (1.2 ng/ml) in all subjects of the mifepristone group (range, <0.5 to 1.05 ng/ml). The results of this exploratory study provide evidence that mifepristone is effective for the prevention of premature LH surges and/or PL in women undergoing COH for in vitro fertilization. 4. HCG injection when serum P>1.0 ng/ml (rescued subtle P rise) [69] . Altering the timing of hCG injection according to serum progesterone concentrations improves embryo quality in cycles with subtle P rise. Serum was obtained daily or every 12 h from day 7 until the administration of hCG. hCG injection was given when the levels of serum P exceeded 1.0 ng/mL ("rescued" subtle P rise). The mean day of hCG administration in the rescued cycles was 1 day earlier than those of the subtle P rise and no P rise cycles. The rate of embryonic development beyond four-cell stage was increased significantly in the rescued cycles and no P rise cycles versus the subtle P rise cycles. Embryos obtained in the no P rise and rescued cycles were of better morphological quality than those obtained in the P rise cycles. The implantation rate was significantly higher in the rescued cycles than in the P rise cycles. The data suggest that, if hCG is administered when a subtle P rise is detected, embryo quality and subsequent implantation rate can be improved. 5. Aspiration of a single leading follicle [70] . In 12 patients stimulated for IVF-ET, a single leading follicle developed, whereas the other follicles were 6 mm smaller. In 7 patients chosen at random (group A), the leading follicle was aspirated, whereas in the other 5 the leading follicle was allowed to continue growing (group B). Premature LH surge was avoided only in group A, and only in this group a second follicle aspiration for IVF-ET was done, and two pregnancies were achieved. In group B, aspiration for IVF-ET was canceled because of premature LH surge. It is suggested that aspiration of a single leading follicle during ovulation induction may be an efficient method to avoid premature LH surge enabling other follicles to develop up to the preovulatory stage.
